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SUMMARY

A two-tube method is proposed to extend the Preston tube technique for determining the local shear stress in
both rough and smooth surfaces. The analytical calibration functions of the Preston tube are derived based on
the Rotta’s model for the velocity profile on smooth and rough surfaces and a formula for the displacement
factor of the Preston tube. The new method, unlike the conventional Preston tube method, is a combination of
the measurement by two tubes of different diameters and iterative computation by the analytical calibration
functions to determine the roughness parameter and local shear stress. The analytical calibration curves are
compared with experimental data. The use of the two-tube method on the smooth surface is verified by
experiment.

RESUME

Une méthode 3 deux tubes est proposée pour étendre la technique du tube de Preston a la détermination de la
contrainte de cisaillement locale, 2 la fois sur des surfaces rugueuses et lisses. Les relations analytiques de
calibrage du tube de Preston sont dérivées du modele de Rotta pour le profil de vitesse sur des surfaces lisses et
rugueuses et du facteur du déplacement du tube de Preston. La nouvelle méthode, 4 la différence de la méthode
classique du tube de Preston, est une combinaison des mesures au moyen de 2 tubes de diametres différents et
de calculs itératifs au moyen des relations de calibrage pour déterminer le coefficient de rugosité et la
contrainte de cisaillement locale. Les courbes du calibrage analytique sont comparées aux données expérimen-
tales. L’ utilisation de la méthode & deux tubes a été vérifiée par des essais sur surface lisse.

1 Introduction

The Preston tube technique (Preston 1954; Patel 1965) is one of the most widely used shear stress
measuring techniques due to its simple construction and practicability. The technique has been
recognized as a convenient and reliable method for measuring the boundary shear stress in classical
two-dimensional turbulent flows over smooth surfaces. Some studies have been made to extend the
technique to the shear stress measurement in flows over rough surfaces (Hwang and Laursen 1963;
Ghosh and Roy 1970; Hollick 1976; Hollingshead and Rajaratnam 1980).

Although the Preston tube technique can be successfully used on smooth surfaces, some problems
arise when it is used on a rough surface. The additional parameters relating to the surface roughness
condition make it more complicated for developing a calibration chart by both analytical and experi-
mental methods than for a smooth surface. The studies mentioned above employed the Nikuradse’s
expression for velocity distribution on a rough boundary to develop calibration curves of the Preston
tube. The calibration curves derived in such a way can be used only when the sand equivalent rough-
ness height of the surface and the position of the zero velocity datum are precisely predetermined.
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The limitation of the method is due to not only the difficulty of determining the sand equivalent
roughness height and the uncertainty of the reference datum, but also the fact that the sand equivalent
roughness height may not be a suitable roughness parameter for many open channel flows.

In this paper, a two-tube method is presented with the purpose of overcoming the difficulty of
extending the Preston tube technique to surfaces in the transition regime or the completely rough
regime. For smooth surfaces, a two-tube method is also proposed to eliminate the necessity of
measuring the static pressure simultaneously. The analytical calibration function of the Preston tube
for both smooth and rough surfaces is derived based on a Rotta-Dreist model for the law of the wall
and a proposed formula for the displacement factor of the Preston tube. The two-tube method is
also applied on smooth surfaces in which only total pressure measurements are needed. The devel-
oped analytical calibration curves (ACC) are compared with some experimental data and the two-
tube method on smooth surfaces is verified by experiments.

2 The analytical calibration function

The Preston tube technique is based on the inner layer law of turbulent boundary layer

W=f0oN; uw=Z, y+=% M

<

The law of the wall measures a quantity proportional to the velocity (the difference between the
Preston and the static pressure) to correlate with the local shear stress. The correlation between the
dynamic pressure and the corresponding wall shear stress involves the calibration function

2 2
Tod = F( Apdz) (2)
4pv 4pv

in which Ap is the difference of the total pressure from the Preston tube and the static tapping read-
ings, d is the external diameter of the Preston tube, p and v are the fluid density and kinematic vis-
cosity, respectively, and T, the wall shear stress.

The calibration function F in Eq. 2, holds true only in classical two-dimensional turbulent boundary
layers on smooth surfaces where the Reynolds number is the only parameter in the velocity distri-
bution. For flows over rough surfaces, the situation is complicated by parameters describing the
roughness. For the flows over a specified surface with given form and distribution of roughness, the
magnitude of the roughness projection, &, characterizes the surface condition. A Preston tube with
external diameter d on a rough surface with characteristic roughness height % is illustrated in
Fig. 1(c). The smooth surface can be regarded as a special case when k = 0. Since the dynamic
pressure, p; = p — po, always corresponds with an effective wall distance, y,, of the corresponding
velocity, one can write

N N d 3
(p po)—z(u)y=ye, ye—k"‘ng 3

Apd _ 1( tod” }(1)2 “
4p1)2 2 4p1>2 Us/y=y,
in which K, is a displacement factor accounting for the deviation of the effective center of the
Preston tube from its geometric center.
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(a) Nikuradse’s model (b) Rotta’s model (c) Preston tube
Fig. 1. Velocity profile and the Preston tube.

The calibration function of the Preston tube can be derived from Eq. 4 if the velocity profile near
the surface and the displacement factor are known. In classical two-dimensional turbulent flows
over smooth surfaces, the displacement factor, K,, is a function of the Reynolds number, u.d/v. K,
is influenced by flows whose law of the wall deviate from the classical smooth-wall case. Instead of
finding K, versus the Reynolds number, an attempt is made to establish the displacement factor
with the velocity distribution of the near wall flows. It is found that the displacement factor, K,, can
be approximated by a simple formula

.d
13 ;“D <65 e o
ce (1) g
x u.d d (Iny") 2v
PR — —26.5
0.58x + 1.54 v

in which x represents the gradient of the velocity profile in the center of the tube.
Figure 2 shows K, derived from Patel’s experimental results and McMillan’s experimental data
(McMillan 1956), along with the curve by Eq. 5.
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Fig. 2. Displacement factor of the Preston tube.
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The velocity profile in the inner region, such as Von Dreist and Spalding’s, provides a single
expression for the variation of u* with y* throughout the viscous sublayer, the buffer zone, and the
fully turbulent inertial zone on smooth surfaces. For the flows over rough surfaces, the most com-
mon practice uses Nikuradse’s expression for completely rough turbulent flow in pipes and an
equivalent sand roughness for any type of rough surfaces. Although the concept of equivalent sand
roughness has been useful in the context of gross flow channel resistance computation, it has not
worked satisfactorily for prediction of velocity profile for very near wall.

A Rotta (1962) model for velocity profile in two-dimensional turbulent flows over rough surfaces is
shown in Fig. 1(b). According to Rotta’s concept, the action of the roughness can be interpreted as
being equivalent to a reduction of the viscous sublayer. It can be represented by a shift of the veloc-
ity over a smooth boundary so as to result in similar velocity profiles for both smooth and rough
walls. Thus the velocity distribution is given by

o f( (v +Ay) u*)_f(Ayu*) (6

v v

where Ay is the shift of the reference plane corresponding to the reduction of the velocity. The
function, f, in Eq. 6 is the common law of the wall in Eq. 1. Combination of Rotta’s model with
Von Driest’s inner region law results in a velocity profile of turbulent flow over smooth and rough
surfaces (Coleman and Alonso, 1983):

. 2
o £1+(1+ [2K(¢+Ay*)]2[1‘— exp("‘AAf)Dwdt ?

in which ¢ is a dummy variable, Ay* = Ayu./v is a roughness parameter and the Ay is the shift
according to Rotta, x is the Karman constant (x = 0.4), A is the Driest constant (A = 26).
Equation 7 is parametric in that a value of u* can be calculated for a given value of y* if Ay* is
specified. For the sand grain roughness, Ay was suggested by Cebeci and Chang (1978):

A?y - 0.9[(k*)71/2—e><p(—%ﬂ E(ko%oj ®)

It is found that, for the roughness of commercial pipes where the Colebrook resistance law holds
true, Ay can be expressed as

4. 051
ke

The shift for a specified roughness with a characteristic roughness height, k, can be given by

Ay_ a4 . s (10)
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Applying Eqgs. 4, 5 and 7 results in the analytical calibration function, or alternatively the analytical
calibration curves of the Preston tube for surfaces of smooth, transition, and completely rough
regimes. Consequently, the derived calibration function has a form of

2 2
d® _ F(Apd k Ay) (11)

As the roughness height, k, approaches zero, Eq. 11 defines a calibration function for smooth
surfaces as Eq. 2. The line in Fig. 3 is the computed calibration curve for smooth surfaces together
with the Patel’s (1965) experimental data.

é.0. A

ACC
S0l A Exp. (Patel)

Log(rd*/4pv")

Log(apd*/4pv?)
Fig. 3. Analytical calibration curve of the Preston tube (for smooth surfaces).

For a rough surface with characteristic roughness height, &, the calibration function depends on the
roughness parameter, Ay/k. The analytical calibration curves can be obtained when a value of Ay/k,
or alternatively the constants a and b in Eq. 10, are specified. In Fig. 4(a), the computed analytical
calibration curves with the constants a and b equal to 0.50 and 0.20, respectively, are compared
with some experimental date (Hollingshead and Rajaratnam 1980, Series No. 2 with sand paper
roughness) in the same values of &/d. In every set of the experiments, the data covers a range from
transition regime to completely rough regime. In Fig. 4(b), the computed analytical calibration
curves with the constants, a and b, equal to 0.47 and 0.22, respectively, are compared with a set of
Hwang and Laursen’s (1963) experimental data in the transition regime. The results show that the
analytical calibration function can be formulated well if the roughness parameter, Ay/k is specified
correctly.
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Fig. 4. Analytical calibration curves of the Preston tube (for rough surfaces).

3 Two-tube method

Difficulties are faced by anyone using the Preston tube technique for measuring the local shear
stress on a rough surface. Additional parameter(s) relating to the surface condition, the shift, Ay
described in this paper, the equivalent sand roughness height, and zero datum in the previous
studies, must be predetermined before the analytical calibration function can be used. When using
the conventional Preston tube method, one needs to determine the roughness parameter(s) by other
methods, such as measuring velocity distribution, and this procedure may counteract the simplicity
and practicability of the Preston method. On the other hand, the use of the Preston tube may be not
necessary if the velocity profile is measured.
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One of the characteristics of the Preston tube technique is that the diameter of the tube can be cho-
sen freely within the range of validity of the inner-layer law in turbulent shear flows, i.e. identical
local shear stress should be measured using tubes of different diameters. The two-tube method is
based on this principle. Instead of using one Preston tube, two tubes with different external diame-
ters, d, and d,, are used to record two dynamic pressures. A value of the local shear stress is deter-
mined from the analytical calibration function according to measured dynamic pressure by tube 1.
The same procedure for tube 2 results in another local shear stress, i.e. according to Eq. 11:

(IO)ldT - F Apldf k Ay (12)
R el A
4pv 4pv° 4
400° =5 23k
pv 4pv- %

in which (1y), and (7), are the shear stress determined from tube 1 and tube 2, respectively.
Because the analytical calibration function, F, in Eq. 11, and consequently the computed (1,), and
(Ty)2, depend on the assumed value of the roughness parameter, Ay/k, it is expected that an identical
and correct value of the shear stress, (7y); = (Ty),;, can be found by choosing values of Ay/k
iteratively. A formula for the roughness parameter can be derived from Egs. 12 and 13:

F * = F K * K
1[171 ’dl’ k] l[ 4 Apl Py ’dle’ k / a4

in which K, = dy/d,, p," = Ap,d,*/4pv?. The left hand of Eq. 14 is (1) = Tod,%4pv? computed from
measurement of the tube- 1, and the right hand of Eq. 14 is that computed from the measurement of
the tube 2. Knowing d,, d,, Ap,, Ap,, and k, one can find an unique Ay, and consequently the bound-
ary shear stress Ty, from Eq.14. This combination of measurements by two tubes and iterative com-
putation to find the unknown value of the roughness parameter and boundary shear stress makes it
possible to measure the local shear stress in a simple way.

4 Two-tube method used on smooth surfaces

Generally the Preston tube is a total head tube. Determining the local shear stress needs pressure
readings of both the total head tube and static tapping. The use of the two-tube method can elimi-
nate the necessity of measuring the static pressure simultaneously. Suppose that p, and p, are the
total pressure readings from two tubes of diameters d, and d,, and pj, is the unknown static pressure
on the surface. According to the calibration function defined by Eq. 2,

2 2
(Pl‘l’g)dl - F—l[ Todlzj (15)
4pv 4pv
2 2
(Pz_P(;) dz - F—l( Tod22] (16)
4pv 4pv
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in which F-! refers to an inverse function of the calibration function, F. Equations 15 and 16 can be
combined into:

2 2 2
gt {2 24
4pv p pv

This means that a new calibration function for the local shear stress can be derived from the original
calibration function of the Preston tube with a form of

2 2
Todlz - Fz( (Pz‘Plz) dx’ KdJ (18)
4pv 4pv

This function can be easily obtained from the analytical calibration function of the Preston tube.
Some of the computed calibration curves are shown in Fig. 5.
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Fig. 5. Analytical calibration curves of the two-tube (for smooth surfaces).

In order to verify the proposed two-tube method used on smooth surfaces, some experimental
measurements were conducted in laboratory flume. The experiment was performed in a tilting
rectangular flume 0.3 m wide, 0.4 m deep, and 4 m long. The bed slope of the flume was variable
and water was recirculated by a pump. Four Preston tubes with diameters, d = 1.3, 2.2, 3.9, and
6.9 mm, and ratios of inner diameter to external diameter of 0.77, 0.69, 0.64, and 0.49 were used
and numbered tube 1 through 4. Various open channel conditions were obtained with different
Froude number (F,) and Reynolds number (R,) by changing the slope of the channel and the dis-
charge, or by using a gate installed upstream. The experimental results are listed in Table 1 in
which 7, is the shear stress determined from Preston tube i, T, is the averaged value of 1, from the
four Preston tubes, T; is that determined by two-tube method from tubes i and j. Table 2 shows the
experimental conditions and the errors of each measurement result compared with the averaged
value of four Preston tubes.

392 JOURNAL DE RECHERCHES HYDRAULIQUES, VOL. 33, 1995, NO. 3



Table 1. Results of the Preston tubes and two tubes (Ty:N/m?)

Run  h (cm) T, T T T3 Ty T3 Tia Ty
1 1.08 11.84 11.91 11,71 11.85 1190 11.70 11.90 12.45
2 1.98 10.55 10.46 10.69 10.51 10.55 10.69 10.74 10.19
3 2.68 8.74 8.75 8.75 8.70 8.75 8.62 8.76 8.74
4 1.46 3.79 3.79 3.78 3.79 3.79 3.80 3.77 3.80
5 3.91 5.36 5.36 5.38 5.33 5.36 5.24 5.37 5.30
6 1.34 1.67 1.66 1.67 1.68 1.66 1.74 1.66 1.62
7 4.44 2.81 2.81 2.81 2.82 2.81 2.80 2.78 2.80
8 6.01 1.32 1.34 1.32 1.31 1.31 1.12 1.13  1.15
9 1.33 0.53 0.54 0.52 0.53 0.53 0.51 0.52 0.56
10 3.05 0.86 0.86 0.86 0.87 0.86 0.92 0.87 0.88
11 6.83 0.29 0.27 0.28 0.30 0.31 0.35 0.35 0.38

Table 2. The Experimental Conditions and Errors (%)

Run F, R.x10* E, E, E; E, E,s E. 4 E.
1 6.61 2.16 0.57 -1.11 0.06 0.49 -1.20 049 5.13
2 4.84 3.75 -0.88 1.30 -0.40 -0.24 1.30 1.78 -3.44
3 3.38 3.93 0.14 0.14 -043 0.14 0.24 0.26 0.03
4 2.69 1.35 0.07 -0.20 0.07 0.07 033 -046 033
5 2.37 4.56 0.05 0.42 -0.51 005 -2.19 0.23 -1.07
6 1.75 0.83 -0.45 0.15 0.75 -0.45 434 045 -2.85
7 1.55 3.50 -0.09 -0.09 0.27 -0.09 -044 -1.16 -0.44
8 0.91 3.00 1.52 0.00 -0.76 -0.76 15.15 14.39 12.88
9 0.87 0.39 2.37 -1.42 0.47 047 -331 -142 6.16

10 0.77 1.07 -0.29 -0.29 0.87 -0.29 6.67 0.87 2.02

11 0.31 1.19 -6.90 -3.44 344 690 20.69 20.69 31.03

Although the limitation of the laboratory conditions makes it impossible to determine the local
shear stress by more precise methods, such as skin friction sensors, and compare with those
determined by the two-tube method, the fact that nearly identical values of the shear stress were
obtained from four Preston tubes, as shown in Table 1 and Table 2, indicates that the Preston tube
technique is reliable and the results from the Preston tubes could be used to compare with the
results from the two tube method. The errors for the two tube method are mostly below 5 percent. It
can be concluded that the differences between the Preston tube and the two-tube method are small
for most flow situations. In Table 1, only the results of the two-tube method with K, greater than
two are listed. Since the precision of the method mainly depends on the difference of total pressure
readings, Ap = p, — p,, use of tubes with too small difference of the diameters (K, < 2.0) may result
in a great error because the relative error of Ap may be very large in this case. From this point of
view, it is desirable to use two tubes with as great difference of the diameters as possible provided
that the tubes are in the range of validality of the law of the wall, and use of two-tube method in a
high velocity flow situation would have better accuracy than in a lower velocity flow situation.
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5 Conclusions

The analytical calibration functions of the Preston tube for measuring the local shear stress on
smooth and rough surfaces are derived based on the Rotta’s model for the law of the wall over
rough boundaries and a formula for displacement factor of the Preston tube. The derived calibration
curve for smooth surfaces is in excellent agreement with Patel’s experimental data. The analytical
calibration curves for the transition and the completely rough regimes are also in agreement with
experimental data when the shift Ay is appropriately specified.

Because of the simple construction and practicality of the Preston tube, it is desirable to extend the
technique to rough surfaces. In order to overcome the difficulties using the Preston tube to a rough
surface, a two-tube method is proposed in which measurements by two tubes of different diameters
and iterative computations according to the analytical calibration functions are incorporated to
determine the unknown roughness parameter. This method determines the shear stress on rough
surfaces in a relatively simple way. The developed two-tube method can be also used on smooth
surfaces. In this case it eliminates the necessity of measuring the static pressure simultaneously and
make the measurement more easy. The two-tube method used in the smooth surfaces situation is
verified by experiments.
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Notations

d, d;, d, external diameter of Preston tube;

water depth of channel flows;

function of the law of the wall;
calibration functional of the Preston tube;
boundary roughness height;

scaled boundary roughness;

ratio of diameters of two tubes;
displacement factor;

total or static pressure (with suffixes);
hydraulic radius;

local velocity;

scaled local velocity;

shear velocity at the boundary;

average velocity in a cross-section of the channel,
distance from the boundary;

scaled distance from the boundary;
distance of the effective center of Preston tube;
Karman constant;

kinematic fluid viscosity;

fluid mass density;

T, local shear stress;

VAT N <§=+:>g“c:mg>§i>§>;a~a1\=-
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